Paroxysmal Nocturnal Hemoglobinuria (PNH) is a rare blood disorder characterized by chronic intravascular hemolysis, thromboses in unusual sites and cytopenias related to bone marrow failure. The diagnosis is based on the Flow Cytometric (FCM) detection of peripheral blood cell clones lacking the surface molecules linked to the GPI anchor, which is altered by mutations.
A R T I C L E I N F O A B S T R A C T
Paroxysmal Nocturnal Hemoglobinuria (PNH) is a rare blood disorder characterized by chronic intravascular hemolysis, thromboses in unusual sites and cytopenias related to bone marrow failure. The diagnosis is based on the Flow Cytometric (FCM) detection of peripheral blood cell clones lacking the surface molecules linked to the GPI anchor, which is altered by mutations.
Consensus studies have developed standardized and robust multicolor FCM assays to disclose PNH clones among red cells, neutrophils and monocytes at a high level of sensitivity and accuracy. High-resolution procedures have been also established to detect small PNH clones at a sensitivity level of around 0.01% in red cells and neutrophils. Cell clone type and size have been put into correlation with the clinical presentations of the associated diseases, and recommendations for the clinical follow-up have been established.
The recent advent of the therapeutic monoclonal Bruno Brando, Arianna Gatti, Frank Preijers Flow cytometric diagnosis of paroxysmal nocturnal hemoglobinuria antibody Eculizumab has dramatically improved both the quality of life and the life expectancy of the affected patients, further increasing the importance of an accurate FCM detection and monitoring of the clones. The technical features of the FCM diagnostic workup and the many critical aspects of the analytical process are discussed here.
INTRODUCTION
Paroxysmal Nocturnal Hemoglobinuria (PNH) is a rare, acquired clonal blood disorder of the hematopoietic stem cell characterized by a triad of signs and symptoms: chronic intravascular hemolysis with recurrent crises, thromboses in unusual sites and cytopenias related to bone marrow failure (BMF).
Its name was coined early in the 20th century, but after the extensive research made during the last few decades, nowadays the three key terms characterizing the disease may sound somewhat misleading.
While some 90 percent of patients experience hemoglobinuria at some point of their clinical course (1) , hemoglobinuria is seen in about one quarter of cases only at diagnosis (2) . Chronic hemolysis with hemoglobinuria occurs not only during nighttime, but 24 hours per day, it is most often asymptomatic and may present as 'paroxysmal' only occasionally (2) .
PNH is also known as 'the most vicious acquired thrombophilic state' (3, 4) , probably through the free hemoglobin itself (5) and the reduced intravascular nitric oxide, although its multifactorial biological basis still remains partly unknown (6) .
The strong association between PNH and BMF syndromes, including myelodysplasia (MDS) and aplastic anemia (AA), is well known and recommendations have been published to include PNH screening in the clinical workup of the BMF syndromes, MDS and AA (7) (8) (9) .
A number of other apparently incoherent clinical signs and symptoms are often experienced by the affected patients, namely fatigue, dyspnea, abdominal pain, pulmonary hypertension, renal insufficiency, dysphagia, erectile dysfunction, thus making the clinical assessment long and difficult, with frequent misdiagnosis and mismanagement (1, 10) .
Except for Direct Antiglobulin Test (DAT)-negative hemolysis tests and cytopenias, which may focus medical attention, ordinary laboratory assessments usually do not provide specific clues for the diagnosis of PNH (11) .
The uncontrolled complement activation, leading to life-threatening hemolysis and thromboses forms the basis of symptomatic PNH. The pathogenic mechanism of PNH resides in the faulty synthesis of the cell membrane protein anchor Glycosyl-Phosphatidyl Inositol (GPI) due to mutations occurring in the PIG-A gene located on chromosome X (12) . GPI is the anchor for many functional cell surface glycoproteins (13) (Figure 1 ): the reduced or absent expression of the GPI-linked complement-regulator molecules on red blood cells (RBC), the Decay Accelerating Factor (DAF, also known as CD55) and the Membrane Inhibitor of Reactive Lysis (MIRL, also known as CD59) are the cause of hemolysis in PNH (2) (3) (4) 14) . In PNH all blood cell lines deriving from a mutated stem cell carry the same genetic and phenotypic defect, and can coexist as 'PNH clones' along with normal, unmutated counterparts. The flow cytometric (FCM) demonstration of the absence of GPIlinked molecules in a sizable fraction of peripheral blood red cells, neutrophils and monocytes is the cornerstone of the diagnostic process of PNH (15) (16) (17) . Three types of clinical presentation of PNH are schematically considered: the classical form, associated to overt hemolysis Bruno Brando, Arianna Gatti, Frank Preijers Flow cytometric diagnosis of paroxysmal nocturnal hemoglobinuria and large PNH cell clones; the PNH associated to BMF/AA with hemolysis and usually small clones, and the subclinical PNH, with no or minimal hemolysis and variable signs of BMF. A more extensive discussion on the clinical spectrum of PNH presentations and the associated laboratory features can be found in the recent literature (7, (18) (19) (20) .
Blood transfusions, anticoagulants and steroids have been the only therapeutic options for PNH for decades (19, 21, 22) . Patients with PNH occurring in the context of BMF take advantage from the specific treatment of the underlying bone marrow disorder (7, 19, 23) . In recent years, the advent of the complement inhibitory monoclonal antibody Eculizumab has dramatically improved the prognosis and the quality of life of patients with symptomatic PNH (24) (25) (26) (27) (28) , although the only cure may reside in allogeneic stem cell transplantation in selected cases (25) . 
FLOW CYTOMETRIC DIAGNOSIS OF PNH

The reasons for testing
The classical list of signs and symptoms which may prompt a testing order for PNH includes haemoglobinuria or haemosiderinuria, unexplained DAT-negative haemolysis, aplastic or hypoplastic anaemia, MDS, thrombosis in unusual sites, dystonic symptoms (dysphagia, abdominal pain, erectile dysfunction) (29) . However, not all such signs and symptoms have the same diagnostic efficiency in helping the definition of a clinical PNH, especially when occurring separately. In general, when the above listed signs and symptoms combine, the clinical yield increases according to Morado et al. (30) ( Table 1 ). For instance, testing for an underlying PNH in case of thrombosis alone may account for a clinical yield as low as 0.4 to 2.7%, (28, 30) , whereas if thrombosis is associated with anemia and/or other cytopenias, the diagnostic efficiency may raise up to about 14% (30) .
Preanalytical Issues
The available guidelines on FCM analysis of PNH have not addressed the specific preanalytical requirements of PNH analysis (1) or have provided only very concise indications (15, 31) . In the year 2000 guidelines, the maximum blood sample age for analysis was reported as 7 days for RBC and 48 hours for white blood cells (WBC), with the recommendation to refrigerate samples at 4°C if storage time exceeds 24 hours (15) . The more recent guidelines (17) just recommend less than 48 hour storage time for RBC with no further details.
It is important to consider carefully the peculiar analytical context of FCM analysis of PNH, Table 1 Frequency
of cases showing GPI-deficient cells in blood at diagnosis in 3,938 PNH+ patients according to the reasons for testing in a multicenter study
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where the absence rather than the presence of cell surface markers has to be demonstrated. The cell viability in anticoagulated blood samples progressively decreases with storage time, and may introduce unpredictable changes in the cell staining features, both increasing or decreasing artifactually the binding properties of conjugated antibodies or of other reagents.
Pre-analytical procedures, especially ammonium chloride lysis, may kill cells which are already damaged in aged samples. Dead and apoptotic cells can strongly influence PNH clone detection, while also causing non-specific antibody binding, increased autofluorescence and cell aggregation.
To avoid under-or overestimation of clone size a viability dye, i.e. DRAQ7 (32) , can be used to exclude dead cells. DRAQ7 is a fluorescent impermeant dye (excited at 630 nm, emitting at >670 nm) that does not enter intact cells. When the cell membrane integrity is compromised DRAQ7 enters the cells and readily binds to nuclei to report cell death, thus improving the assay specificity and reducing artifacts ( Figure 2 ). 
The usage of erythrocyte bulk lysis procedures by ammonium chloride buffer before staining has been found useful in reducing the background signal and to increase the resolution between positive and negative cell populations (33, 34) .
The FLAER reagent
The Aeromonas hydrophila toxin Aerolysin was demonstrated to be a highly specific ligand for the GPI molecule on white blood cells, thus making it a suitable indicator of GPI-deficient leucocytes in PNH (35, 36) .
An inactivated non-toxic, fluorochrome-conjugated molecular variant was then developed under the acronym FLAER (FLuorescent AERolysin) and extensively applied as a highly effective non-antibody reagent to be used in FCM studies of PNH leucocytes, along with other conjugated monoclonal antibodies (MoAb) (17, (37) (38) (39) .
The binding properties of FLAER on blood cells have been accurately studied, and the higher signal resolution obtained by the pre-staining bulk lysis of the sample has been demonstrated (33, 34) .
Cell staining protocols
The 2018 ICCS/ESCCA guidelines (17, 31) have provided a fully comprehensive series of technical recommendations on sample preparation, reagent titration, MoAb clone and fluorochrome selection.
Bulk erythrocyte lysis of 1-2 ml of anticoagulated blood with ammonium chloride-containing buffer is useful to enrich cytopenic samples and to concentrate the cell pellet for high-resolution analyses requiring the collection of large numbers of events (33, 34) .
For every cell type to be analyzed, gating antibodies are first used to capture the target populations, then GPI-deficient cells are defined in each subset using the appropriate MoAb combination and FLAER, where applicable ( Table 2) . Several possible staining alternatives have been studied and optimized (17) .
It is important to restrict the analysis to mature WBC populations using MoAb reactive with GPI molecules fully expressed by peripheral blood mature cells and not by their progenitors, since these cells usually express GPI-linked markers at a lower density (8) . To determine GPI-deficient RBC clones, of course, a lysis procedure should not be used. RBC are first diluted 1:100 in phosphate buffer (PBS), stained with anti-glycophorin-A (CD235a) for gating and CD59 for GPI-deficiency, then two washes using PBS supplemented with bovine serum albumin (BSA) are mandatory before reading. The FSC-W vs FSC-A pulse analysis of RBC physical parameters can be also of help in defining the RBC gate ( Figure 3 ).
Thiazole orange pre-staining of reticulocytes within the RBC cluster can be also used to measure the proportion between normal and GPI-deficient erythropoiesis, which is very useful in evaluating the red cell compartment response to therapy (40) .
The state-of-the-art FCM technique to study PNH clones among WBC is a five-to six-color combination that is adjusted slightly according to instrument brand, optical filter sets and laser types.
For WBC analysis whole blood is preferably bulklysed and washed twice with PBS+BSA before staining. CD45 and side scatter are used along with CD15 and CD64 to gate neutrophils (with exclusion of eosinophils that express CD15 in lower amount) and monocytes, respectively. FLAER and CD24 is the optimal reagent combination to identify GPI-deficient neutrophils, whereas FLAER and CD14 are used to study PNH monocyte clones (Figure 3 ).
Lymphocytes are not useful in PNH diagnosis, due to their very long lifespan and to an excess variability in the expression of surface GPI-linked molecules (15) . The role of lymphocytes in PNH analysis is currently limited to internal staining controls (17) .
Platelets in PNH have a normal lifespan despite expressing the same GPI-molecule deficiency of RBC, and are not included in routine diagnostic procedures (6) .
The reported limited availability or the high cost of FLAER in certain countries (17) have prompted the development of non-FLAER based staining protocols, introducing CD157 as a replacement for CD24 and CD14 to determine PNH clones in neutrophils and monocytes, respectively (41, 42) . However, the reduced CD157 expression by eosinophil granulocytes may cause artifacts in case of imprecise gating of CD15+ neutrophils (41) , and genetic or ethnic variants of CD157 have been described which may account for the detection of false PNH clones in some individuals (43, 44) .
Recently, additional multicolor FCM protocols have been described, coupling FLAER to CD157 (7-colors) (45) or adding CD5 and CD19 as a dump channel to reduce background fluorescence (8-colors) (46) . The advantages provided by this increase in fluorochrome number and complexity are still to be fully evaluated.
Instrument setup, optimization and gating syntax
Modern digital flow cytometers are equipped with very efficient setup and calibration bead suspensions that should be used to optimize automatically the photomultiplier voltages, the thresholds, the intra-and inter-laser fluorescence spillover compensation, ensuring instrumental consistency with time and comparable results among laboratories using the same type of equipment (47) (48) (49) (50) . Therefore, if manufacturer's directions are strictly applied, the FCM setup is nowadays easy to standardize, thus making the instrument-related variables almost negligible.
The creation of an appropriate gating syntax, however, is still a manual process that requires skilled operators and sample-to-sample adjustments in order to correct for the unavoidable inter-patient variability in cell cluster positioning (17, 45) .
The limits of detection -coping with background events
As mentioned, in PNH analysis the lack rather than the presence of cell surface molecules is the indicator of the disease-related abnormalities. The presence of some GPI-negative elements in the various blood cell subsets of healthy subjects is a well-known phenomenon and represents the assay background (33, 51, 52) .
Furthermore, the presence of blasts or other immature cells, as it occurs in MDS, may strongly influence the amount of background events.
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This requires a strict check of the analytical process using a cohort of healthy donors to control and minimize the background event frequency, which in turn vary in the different cell populations and in the different clinical settings. Moreover, it is mandatory to pay attention to the numerous biological and staining artifacts that may generate negatively stained cells and false 'PNH events' in the background, such as the presence of autofluorescent events that come as diagonally shaped or 'angle of dangle' parasite events in fluorescence plots (53) .
Before the advent of FLAER the high background level in healthy controls and other technical limitations made it difficult to enumerate accurately PNH events below 1% (54) . Following the more recent FLAER-based guidelines on high-resolution PNH analysis (16, 17, 41, 45) , a clearer picture of the lower limits of detection (LLOD) and of quantitation (LLOQ) of PNH events can be obtained. These issues have been thoroughly discussed and validated in the recent study by Payne (53) .
It is important to mention here how the cytometry researchers have tried over the years to translate the concepts of lower limit of blank (LLOB), LLOD and LLOQ, typical of chromatographic or spectrophotometric procedures (55, 56) , into a technology based on event accumulation (57) . This transition was made -rather simplistically -by analogy with clinical chemistry, but surely without applying the same methodological care, and it is still matter of debate.
With the use of a negative or normal sample, the events falling into the final acquisition window may be taken as the LLOB, and ratioed to their cellular counterpart (the 'clean cell denominator') to obtain the 'blank' level to be subtracted from the analysis of the relevant cell population.
The Poisson's statistics governing rare cellular event analysis mandates the acquisition of at least 100 relevant events to generate measures with the acceptable coefficient of variation of 10%. In the delicate field of high-resolution FCM, however, the collection of 100 events can be sometimes out of reach, so a compromise has been developed, proposing a lower limit of 20 (31), 25 (53) or 30 (58) relevant events for the calculation of LLOD in high-sensitivity PNH and leukemia minimal residual disease analyses, keeping a universally accepted limit of 50 events for the LLOQ. Little attention has been paid however to the inherent variance of such a new approach, which dramatically increases with the lowering of the relevant event number. Despite increasing the acquisition to millions of clean cells, the lower the established minimum level of the detectable relevant events, the wider the confidence interval and the variability of the cytometric measure, according to Poisson's statistics.
In the daily practice, assuming 20 events (31) or 30 events (58) as the minimum size of a relevant cell event cluster for detection, and 50 events as the minimum for quantitation (31, 58) , the calculation of LLOD% is: 2,000 (or 3,000) / total number of clean events; and the calculation of LLOQ% is: 5,000 / total number of clean events.
When the same criteria for minimal residual disease studies with high resolution FCM analysis of hematological malignancies are applied (i.e. from 500,000 to >1,000,000 clean cell events as the denominator (58), the median background 'PNH' Type III RBC events in normals are from 3 to 5 per million, with a range from 0 to 17 per million or 0.002-0.007% and a LLOQ around 0.005% (31, 52) . Type II RBC events are often difficult to dissect precisely from Type I and Type III populations, moreover they can be generated by artifacts. As a consequence, Type II detection levels are usually not addressed in high-resolution PNH studies (53) . For CD15+ neutrophils the average background in normals ranges from 2 to 10 per million or 0 to 0.001% Bruno Brando, Arianna Gatti, Frank Preijers Flow cytometric diagnosis of paroxysmal nocturnal hemoglobinuria (8, 31, 52) . Similar figures in normal subjects have been consistently reported by other groups (33, 51, 53) . For CD64+ monocytes, the low number of events that can be acquired in clinical samples greatly reduces the achievable sensitivity level, with background levels ranging around 0.1% (34, 52) .
PNH clone patterns -diagnostic criteria
The total absence of GPI-linked molecules defines a Type III PNH clone, whereas a partial deficiency defines a Type II PNH clone. It is customary to quantify and report the presence of Type II clones in the RBC population only, while WBC Type II (if detectable) and Type III clones are usually summed up in the reporting, with no further details (31) .
RBC PNH clone size may vary remarkably according to the occurrence of hemolytic crises, to the administration of blood transfusions or Eculizumab, so RBC PNH clones may not reflect accurately the disease extent, are often smaller than the respective WBC clones and are not an ideal target for PNH quantitation at diagnosis (38, 59) . The established guidelines state that the absence of two GPI-linked molecules must be demonstrated in WBC lineages to corroborate the diagnosis (15) (16) (17) . Neutrophil and monocyte PNH clones usually tend to be of similar magnitude. In a small percentage of patients, however, marked discrepancies may occur, more often with PNH monocyte clones outnumbering neutrophil clones (20, 31) . PNH clone size and type can also change with time, and can both increase or decrease in an unpredictable fashion, thus indicating the need for a follow up with time (20) . The correlations between PNH cell clones and the associated clinical pictures -also in pediatric patients -have been extensively reviewed, as well as the recommended criteria for the longitudinal follow-up of small clones (10, 20, 59, 60) .
Patients under Eculizumab treatment usually display expanded RBC clones, due to the increased lifespan of GPI-deficient erythrocytes (3, 4, 24, 25, 27) . In such patients the abrupt discontinuation of Eculizumab may increase the intensity and the severity of hemolytic crises (25) .
The high-resolution PNH analysis and assay precision
Until a few years ago a technical distinction between 'routine diagnostic' and 'high-resolution' PNH analysis was commonplace in the literature and considered in external quality assessment exercises. With the advent of the highly standardized recent protocols such a difference has lost its significance (17) , since using the same sensitive laboratory technique both routine diagnostic and high-resolution analysis of PNH clones can be accomplished accurately (62) . It is well known that PNH+ patients can have a neutrophil PNH clone of <1% in some 42% of cases (31) (Figure 4) , thus stressing the need for the systematic usage of a very sensitive FCM technique. Small PNH clones are more common in patients with BMF syndromes, may change their size with time and seem positively correlated to the response to immunosuppressive treatments (63). The term 'High resolution FCM' refers mainly to the collection of an adequate number of cell events (i.e. from 500,000 to 1-2 million), which enables analyses at a sensitivity levels around 10 -4 with LLOQ equal or less than 0.005%. This feature can be easily applied to RBC and neutrophil analyses, but such a level of resolution is almost impossible to achieve in the routine with monocytes, due to their low level in peripheral blood.
As expected in any FCM rare event analyses, the lower the PNH clone percentages the worse the assay precision, ranging from 14 to 25% at the lowest limit of sensitivity (31, 52) . Moreover, the precision in detecting a very small but well resolved Type III clone is usually better that the Bruno Brando, Arianna Gatti, Frank Preijers Flow cytometric diagnosis of paroxysmal nocturnal hemoglobinuria one achieved with larger but less clearly separated Type II clones (53, 61) . The acceptable limit of precision for clinical purposes is not yet well established in the literature. Very small PNH clones, however, do not make a diagnosis of clinical PNH and usually do not indicate the need of therapeutic measures, although a strict monitoring also of small clones over the time is mandatory in any instance.
Assay results -reporting PNH analysis
In the reporting of PNH analyses it is important to use a standardized terminology, in order to avoid a common shortcoming, namely the overdiagnosis of clinical PNH when only small GPIdeficient clones are detected. The recommended reporting terminology to be used is: 'Presence of a PNH Clone [specify the cell type(s)] ' in case of cell clones >1%; 'Presence of minor [specify the cell type] PNH population(s)' from 0.1% to 1%; 'Presence of rare GPI-deficient cells [specify the cell type]' when <0.1% (31, 64) . The achieved sensitivity level should be specified in the reporting for every cell subset, since it may vary according to the patient's status and the overall cell collection. As mentioned, the presence of Type II clones should be reported for RBC only (31) .
Screening tests versus diagnostic confirmation
PNH is a very rare disease, with a diagnostic yield ranging from 6% to 14% under the best reason for testing conditions. This means that testing for PNH will give negative results in the vast majority of the checked cases. In the literature, a primary screening test before a diagnostic confirmation assay in selected patients has been 
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repeatedly proposed to rule out the more numerous negative cases (16, 20, 34, 38, 65) . The current 6-or 7-color technical guidelines can be costly, complex and demanding for small peripheral laboratories, thus preventing a diffuse first-level disease surveillance, which should be practiced in every blood transfusion center and hematology laboratory. Due to their favorable features, neutrophils and monocytes may serve better than RBC as the preliminary index population for the screening of new PNH cases (38) in patients with the appropriate reasons for testing ( Figure 4 ). In some countries samples with an initially positive first-level screening test for PNH are then referred to an accredited central facility for diagnostic confirmation, using a state-of-theart multicolor technique (34) . A simplified and inexpensive PNH screening test, which can be performed upon the initiative of the laboratory itself and affordably repeatable over the time, is a cost-effective option especially in resourcerestricted countries. This approach proved valuable in disclosing new PNH cases in local studies (20, 34) , and can be a practical solution to overcome the disappointing level of disease surveillance reported in some settings (66) .
External quality assessment for PNH
The blood stabilization technology implemented by United Kingdom National External Quality Assurance Schemes (UK NEQAS) has been applied in developing stable PNH samples to be used as process control and in external quality assessment studies (67) . This advancement has greatly facilitated the diffusion of the FCM analysis of PNH and stimulated the participating centers in selecting the optimal procedures, antibody clones and fluorochromes (62, 68) . The periodic surveys made by UK NEQAS, however, still highlight a certain degree of variability in the interpretation and usage of the available guidelines by some participants, which may account for an excess of non-specific assay results in some instances (i.e. PNH clone erroneously detected in healthy donor samples). Two separate PNH schemes -ordinary and high-sensitivity -have been developed initially, and were subsequently merged for the reasons discussed above.
Pifalls and artifacts
Provided the reasons for testing are clinically appropriate and the recommended techniques are applied, the FCM operators involved in PNH analysis may come through a series of technical artifacts and pitfalls with real-life samples, that require an in-depth expertise for the full control of the technology.
Despite CD55 is traditionally included in the list of GPI-linked RBC molecules, Anti-CD55 MoAbs have been progressively dismissed from FCM panels due to the weak antigen expression (17) . When RBC are stained with anti-CD59, at least two washing steps are then required to eliminate excess fluorochrome and non-specific MoAb binding, which greatly interfere with positive/ negative discrimination (15) .
A typical problem with WBC analysis is represented by the appearance of putative small Type II clones, especially in the monocyte gating, often due to errors in mixing the sample with the reagents, to an imprecise gating or to cell adhesion phenomena. Basophils and NK cells that can be erroneously captured in the neutrophil or in the monocyte gate are characteristically stained dimly by FLAER, and can simulate Type II PNH clones. Myeloid blasts that often circulate in patients with BMF syndromes behave the same way, and can be captured in the monocyte gate, especially if they express CD64. Large platelet aggregates can also be dragged into the monocyte gate, and may account for FLAER-negative events (34) . This artifact can be effectively prevented by bulk lysis and extensive washings.
Another common problem is represented by the acquisition of an insufficient number of cell Bruno Brando, Arianna Gatti, Frank Preijers Flow cytometric diagnosis of paroxysmal nocturnal hemoglobinuria events and by the calculation of improper PNH clone percentages, in the erroneous belief to have achieved a sufficient level of assay sensitivity (62) . The latter problem is particularly evident with monocytes, that in some instances cannot be collected in sufficient number for a true highsensitivity analysis.
CONCLUDING REMARKS
Flow Cytometry is today the laboratory technique of choice to provide an accurate, sensitive, standardized and widely applicable diagnosis of PNH. The diagnostic efficiency largely resides in the appropriateness of the reasons for testing, which may be a major conditioning factor in the clinical workup of this rare and elusive disease.
The state-of-the art multicolor FCM technology is mature, robust, covered by international ISO17043-certified external quality assessment schemes, and enables the detection also of very small PNH clones with good accuracy and precision. The implementation of a diffuse screening network in partnership with central, secondlevel reference facilities seems today a rational and affordable model to favor the disclosure of new PNH cases.
